Several of the disorders categorised in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) are marked by impulsivity, including borderline and antisocial personality disorders, attention deficit hyperactivity disorder, conduct disorder and substance use disorders, just to name a few. The behavioural manifestations of impulsivity are numerous (e.g., suicidality, reckless spending, criminality, acting out on positive or negative emotions), often with undesirable consequences for the individuals involved and others. The knowledge base in respect of the neurobiological underpinnings of impulsivity has expanded significantly over the past few decades, providing the impetus to develop specific interventions to target impulsivity. Noninvasive brain stimulation techniques, such as Transcranial Magnetic Stimulation (TMS) and Transcranial Direct Current Stimulation (tDCS), have been used to modulate impulsivity with promising results. This article aims to provide a brief overview of the literature in the field before addressing the implications for future research and clinical practice.
Introduction
Impulsivity is a key attribute of several psychiatric disorders, and the behavioural manifestations of impulsivity are numerous (e.g. self-harm, violence and aggression, criminality, reckless spending), often with undesirable consequences for the individuals concerned and the wider society. The knowledge base in respect of the conceptualisation and neurobiological underpinnings of impulsivity has grown steadily over the past few decades, and this in conjunction with the societal burden of the disorders that are marked by impulsivity, provides the impetus to develop specific interventions to reduce impulsivity.
Indication. This article aims to provide a brief overview of the literature on impulsivity, in terms of conceptualisation and measurement, and the use of noninvasive brain stimulation techniques to modulate impulsivity. Impulsivity. A tendency to act without thinking through the consequences of one's actions is a core attribute of impulsivity. Impulse control is a multi-dimensional construct that incorporates cognitive, motor and temporal procosses [1, 2] . These processes overlap significantly with each other and with decision making. Attention and short-term memory also play a role in impulse control and decision making. Deficits in these processes are manifested as cognitive, temporal or motor impulsivity. A tendency to make risky or disadvantageous decisions without utilising enough information can be construed as cognitive impulsivity, whereas failure to inhibit a prepotent behavioural response is regarded as a form of motor impulsivity. In contrast, temporal impulsivity is thought to be underpinned by failure to delay gratification [2, 3] .
Impulsivity and mental disorder. Current psychiatric classification systems, such as the International Classification of Diseases, Tenth Edition (ICD-10) [4] , and the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) [5] , include impulsivity in the diagnostic criteria of several disorders. These include attention deficit hyperactivity disorder (ADHD), conduct disorder, antisocial (or dissocial) personality disorder, borderline (emotionally unstable) personality disorders, impulse-control disorders and substance use disorders (SUD). Additionally, impulsivity is regarded as an important consideration in the field of risk assessment and management [6] owing to its association with suicidality [7] , poor concordance with treatment [8] and criminality [9] .
Measures of impulsivity.
Current measures of impulsivity fall into two main categories; self-report and behavioural. Existing evidence suggests that behavioural and self-report measures of impulsivity have distinct neurobiological underpinnings, and as such they do not significantly correlate with each other [10] .
Commonly used self-report (also known as trait) measures of impulsivity include the Barrett Impulsiveness Scale (BIS-11) [11] and the UPPS-P Impulsive Behavior Scale [12] . The BIS-11 is comprised of 30 items that merge to form 3 subscales: attentional, motor and non-planning impulsiveness. Each item is measured on a scale of 1-4 (1=rarely/ never, 2=occasionally, 3=often, 4=almost always/always), giving a total score out of 120. UPPS-P is a 59 item selfreport measure of impulsivity with five subscales; Negative Urgency, (lack of) Premeditation, (lack of) Perseverance, Sensation seeking and Positive Urgency. Each item is rated on a scale of 1-4 (1= totally disagree, 4=totally agree) giving a total UPPS-P score out of 236. Higher scores on both BIS-11 and UPPS-P denote greater impulsivity.
Behavioural measures of impulsivity utilise laboratory paradigms (or computerised tasks) to assess impulsivity based on task performance. Motor impulsivity, for instance, is assessed using the Go-No-Go (GNG) task [13] , the Stroop Color and Word Test (SWCT) [14] , the Stop-Signal-Task (SST) [15] and the Continuous Performance Task (CPT) [16] . Temporal impulsivity is assessed using tasks designed to measure delayed discounting. Tasks such as the Iowa Gambling Task (IGT) [17] , the Information Sampling (IST) Task [18] and the Balloon Analogue Risk Task (BART) [19] , are used to index cognitive impulsivity. Describing each task is beyond the scope of this article. For illustration purposes, a brief description of the SST is provided. A computerised version of the SST can be administered as part of the Cambridge Computerised Neuropsychological Battery (CANTAB) [20] . The task entails presenting a circle on the computer screen with an arrow inside pointing either to the right or left of the screen (the go signal). The participant is instructed use a pad to register their responses by pressing the left hand button on the pad for arrows pointing to the left or the right hand button for arrows pointing to the right. The participant is instructed to withhold response upon hearing a beeping sound (the auditory stop signal) which is randomly generated shortly after the presentation of the arrows in 25% of the trials. The task consists of five blocks with 64 trials in each block. It takes 15 minutes to complete the SST.
Neurobiology of impulsivity. Evidence from the neurobiological literature suggests that impulsivity is influenced by the activation of several neuronal circuits in the brain [21] , and hypoactivity of various regions of the prefrontal cor-tex (PFC) has been linked to increased cognitive, temporal and motor impulsivity [22] . A fronto-subcortical network including the right inferior frontal gyrus (rIFG), the presupplementary motor area, the anterior cingulated cortex (ACC) and the basal ganglia has been implicated in motor impulsivity [23; 23; 25] . A fronto-limbic network comprising of the ventral medial prefrontal cortex (vmPFC), ACC, and nucleus ventral striatum [21] plays a prominent role in temporal impulsivity. The activation of the vmPFC has been implicated in cognitive impulsivity [26] .
Interventions to target impulsivity. Impulsivity is a prominent feature of several mental disorders and can have undesirable consequences for the individuals and a considerable societal burden. Both pharmacological and psychological [28] interventions have been used to reduce impulsivity, albeit only in the context of a wider behavioural disturbance rather than in isolation. The knowledge base around impulsivity has grown steadily in the past few decades, and this can inform the development of specific interventions to target impulsive behaviour. Existing evidence suggests that noninvasive brain stimulation techniques can potentially be used to modulate impulsive behaviour.
Noninvasive brain stimulation techniques. The past two decades have witnessed a significant expansion in the use of noninvasive brain stimulation (NIBS) techniques, like repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS), in clinical practice [29] .
TMS is a neuromodulation technique used to modulate the excitability of neurons through the administration of a single pulse (spTMS) or repetitive (rTMS) high-intensity magnetic pulses through an electromagnetic coil placed over the scalp [30] . Magnetic pulses are generated by passing electric currents through the coil, producing a focal magnetic field which induces localised neuronal depolarization in the brain areas underneath the stimulation site [31] . Low frequency rTMS (1 Hz or less) reduces cortical excitability, whereas high frequency rTMS (about 5 Hz or more) increases cortical excitability [32] . Theta burst stimulation (TBS), a form of high-frequency rTMS, entails delivering pulses in bursts of three stimuli with an inter-burst interval of 200 ms at 50 Hz but with reduced magnetic intensity [33; 34] . While continuous TBS (cTBS) decreases cortical excitability, intermittent TBS (iTBS) has the opposite effect [35] .
tDCS is a technique used to deliver a weak direct current (up to 2mA) to the brain through scalp electrodes to induce a polarization of the neuronal membrane [29] . Anodal tDCS enhances cortical excitability, while cathodal tDCS exerts an inhibitory effect [36] . The strength and duration of tDCS after-effects are determined by the intensity of the current and duration of stimulation [37] .
Both rTMS and tDCS are well tolerated, although they may cause adverse effects. Headache, transient hearing change due to the noise and neck pain are among the most commonly reported side effects of TMS, experienced by 20-40% of subjects undergoing TMS [30; 38] . TMS also carries a very small risk of inducing epileptic seizures [39] . Syncope during TMS administration has also been reported [30] . The adverse effects of tDCS also include headache and neck pain, as well as tingling and burning sensation at the site of stimulation, trouble concentrating and acute mood changes [40] .
Efficacy of TMS in reducing impulsivity. TMS has been used to treat a range of neuropsychiatric disorders such as Parkinson's disease [41] , obsessive-compulsive disorder [42] , schizophrenia [43] ; post traumatic stress disorder [44] , and major depression [45] . In addition, findings from two major systematic reviews in the field demonstrated its efficacy in reducing impulsivity [2; 46] .
The review by Brevet-Aeby and colleagues [44] highlighted several findings that are worthy of note here. First, both low frequency rTMS and cTBS applied individually to the right IFG during a Stop-Signal-Task increased inhibitory control, whereas low frequency rTMS applied to the left IFG or the right dorso-lateral prefrontal cortex (DLPFC) had no significant effects on impulsivity. Second, high-frequency rTMS applied to the left DLPFC led to an improvement in inhibitory control, while low-frequency rTMS targeting the left DLPFC had no significant effects. Third, low frequency rTMS over the right DLPFC reduced risk taking behaviour, but no significant changes were evident for stimulation over the left DLPFC. Fourth, cTBS over the right DLPFC lowered immediate reward choices, whereas low frequency rTMS over the left DLPFC had the opposite effect. Finally, high frequency bilateral rTMS applied to the DLPFC decreased impulsivity. In short, the review by Brevet-Aeby and colleagues [46] provides evidence that both excitatory (high frequency) rTMS applied to the left DLPFC and inhibitory (low frequency or cTBS) rTMS applied to the right DLPFC or IFG can reduce impulsivity. The review also provides evidence that excitatory rTMS is more effective than inhibitory rTMS in reducing impulsivity.
The systematic review and meta-analysis by Yang and colleagues [2] provides further evidence that rTMS can reduce both temporal and motor impulsivity in non-clinical samples. The review demonstrates that rTMS has a small effect on modulating motor impulsivity and a moderate effect on temporal impulsivity but no significant effects on cognitive impulsivity. The review also identified some of the key parameters required to enhance the effects of rTMS on impulsivity. A major advantage this review had over previous reviews is that it entailed conducting a metaanalysis to quantify the effects of rTMS on impulsivity and its subdomains. The evidence reviewed was judged to be of moderate quality. However, the review identified several weaknesses in the studies included in the review such as selection bias, small sample sizes, heterogeneity of designs and outcome measures used, and lack of information on the adverse effects of rTMS.
Efficacy of tDCS in reducing impulsivity. tDCS has shown a promising potential in the treatment of a range of mental disorders including substance use disorders, schizophrenia and depression [47] .
The review by Brevet-Aeby and colleagues [46] presented a range of findings in regards to the use of tDCS for impulsivity. Studies included in the review provided evidence that unilateral anodal tDCS of the IFG enhanced inhibitory control, whereas cathodal tDCS did not have a significant effect. Without hemispheric distinction, bilateral anodal and cathodal tDCS of the IFG during an SST task enhanced inhibitory control, while bilateral tDCS of the IFG during a GNG task did not have a significant effect. In contrast to this, the review revealed that right anodal and left cathodal tDCS of the IFG in the GNG task decreased impulsivity. Anodal tDCS stimulation over the right DLPFC seemed to have had no substantial impact on inhibitory control in several studies. However, cathodal tDCS of the same region resulted in reduced inhibitory control. In the Stroop task, bilateral left anodal/right cathodal tDCS enhanced inhibitory control as well. Other studies reported decreased risk taking especially after bilateral tDCS of the DLPFC. Risk taking was significantly reduced if the stimulation was right-anodal/ left-cathodal. However, during a delay discounting task, left anodal and right cathodal tDCS of the DLPFC increased impulsivity. Overall, the results of the review [46] highlighted that right anodal/left cathodal tDCS over the DLPFC is more effective than left anodal/right cathodal tDCS.
Directions for future research
Future investigations on the therapeutic effects of noninvasive brain stimulation techniques on impulsivity should consider clinical populations. The authors are in the process of conducting a systematic review and meta-analysis of the literature on the effects of TMS and tDCS on impulsivity in people with mental disorders. This area appears to have attracted little attention in the recent literature, an important gap that future studies can fill. Robust data on the efficacy of brain stimulation techniques to modulate impulsivity in disorders that are marked by impulsivity is lacking, and this makes it difficult to identify the conditions that benefit most from the use of such techniques.
Conclusions
The use of noninvasive brain stimulation techniques to modulate brain activity is an emerging field both in research and clinical practice, with promising results. There is empirical evidence in support of the use of both TMS and tDCS to modulate impulsivity, particularly in respect of the use of excitatory rTMS to modulate temporal and motor impulsivity and right anodal-left cathodal tDCS to enhance inhibitory control. However, the current evidence should be interpreted with caution owing to the methodological limitations of the studies conducted to date. Although the evidence base for the use of brain stimulation is growing rapidly, more research is required to identify the parameters needed to maximise effects, for instance, in terms of stimulation sites, impulsivity tasks and stimulation parameters for brain stimulation [2; 47] . Additionally, more research involving a concurrent use of TMS or tDCS and neuroimaging techniques is required to assess the mechanism of action of both TMS and tDCS in the neuromodulation of impulsivity. Furthermore, the role of connectivity guided brain stimulation should be explored further since impulsivity is regulated by brain networks rather than a single brain region.
